Abstract: For the first time the far red fluorescent protein (FP) E2-Crimson genetically expressed in the exocrine pancreas of adult zebrafish has been non-invasively mapped in 3D in vivo using photoacoustic tomography (PAT). The distribution of E2-Crimson in the exocrine pancreas acquired by PAT was confirmed using epifluorescence imaging and histology, with optical coherence tomography (OCT) providing complementary structural information. This work demonstrates the depth advantage of PAT to resolve FP in an animal model and establishes the value of E2-Crimson for PAT studies of transgenic models, laying the foundation for future longitudinal studies of the zebrafish as a model of diseases affecting inner organs.
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Introduction
Fluorescent proteins (FP) have brought revolutionary advances in life sciences by enabling structural and functional studies in living cells and organisms [1] . While confocal and multiphoton microscopy have traditionally been used to visualize FP [2] , several optical imaging methods have been developed to overcome the imaging depth limit set by the transport mean free path length (<1 mm), such as selective plane illumination microscopy (SPIM) [3] , ultramicroscopy [4] , optical projection tomography (OPT) [5] and fluorescence lifetime OPT (FLIM-OPT) [6] . Though SPIM and ultramicroscopy yield improved axial resolutions and reduced photobleaching compared to confocal or multiphoton microscopy, they are limited to fluorescence imaging. OPT can be used to get absorption information and fluorescence distribution, but it is still strongly limited by the tissue scattering and therefore requires an optically transparent sample or optical clearing of biological samples, making it invasive in some applications. A rapidly developing three dimensional (3D) imaging modality-photoacoustic tomography (PAT)-offers the possibility to reconstruct the FP distribution in 3D beyond the transport mean free path length with high spatial resolution. It uses the photoacoustic effect, in which chromophores absorb short laser pulse energies, the absorbed energy is converted to heat and acoustic pulses -photoacoustic waves -are subsequently generated [7, 8] . The detection of the photoacoustic waves generally occurs via piezoelectric transducers. However, the delivery of excitation laser pulses is difficult as the transducer or transducer array is generally opaque. Furthermore, larger element sizes of the transducer give better sensitivities while smaller element sizes are preferred for accurate PAT image reconstruction. To address these issues, an optical detection PAT system that replaces piezoelectric transducers with a Fabry-Perot polymer film sensor interrogated by a focused laser beam over its surface [9] has been shown to give comparable sensitivity while enabling backward mode illumination for deep tissue imaging [10] . Multiple in vivo applications of the optical detection PAT system have demonstrated a sub-100-micron spatial resolution with a penetration depth of almost 10 mm [11, 12] .
Using the wavelength dependence of chromophore absorption of laser pulses, different chromophores will contribute to the photoacoustic signals in PAT when the excitation wavelength changes, making the reconstruction of a specific type of chromophore possible using spectroscopic PAT [13] . This makes PAT a suitable solution for resolving the specific cell types tagged in vivo by FP, which in turn broadens the potential application of PAT in preclinical research taking into consideration that many disease models depend on the detection of optically neutral cell types. Among all the available animal models, one important vertebrate organism where PAT imaging could be extremely beneficial is the zebrafish, where transgene driven expression of FP under tissue specific promoters can be used as a quantifiable indicator of endogenous cell populations. A well-established model in cancer [14] [15] [16] , tissue regeneration [17-19] and tissue vascularization [20] research, the zebrafish has been imaged both as a larva by photoacoustic microscopy (PAM) [21] and as an adult fish using PAT [22] . From these studies, it has been shown that with a width of about 10 mm and a length of about 60 mm, adult zebrafish provide a unique opportunity for 3D wholebody PAT scanning.
In this work, we report the use of an E2-Crimson transgene in spectroscopic PAT for 3D in vivo visualization of the exocrine pancreas of an adult zebrafish. This confirms the in vivo applicability of E2-Crimson in PAT using a transgenic zebrafish line expressing this protein in its exocrine pancreas, whose capacity for regeneration makes it valuable for inner organ disease model studies. Since combined PAT and spectral domain optical coherence tomography (SD-OCT) systems have been shown to provide complementary information [23-28], SD-OCT images along with histological sections and fluorescence images are also presented for comparison. To our knowledge, this is the first report in which a far-red FP is imaged in vivo by spectroscopic PAT.
Materials and methods

Experimental setup
The schematic of the optical detection PAT system is given in Fig. 1(a) with a photograph of the scanning unit in Fig. 1(b) . For a detailed description of detection principles, the reader is referred to [10, 29] . Throughout the experiment, an optical parametric oscillator (OPO) (versaScan, GWU) with a 50 Hz repetition rate pumped by a pulsed Nd:YAG laser (QuantaRay PRO-270-50, Spectra-Physics) was used as the excitation source. A 2D pixel-by-pixel scan over the Fabry-Perot polymer film sensor using a CW laser was enabled by two scanning mirrors (6210H, Cambridge Technology) whose scanning pattern was controlled by the analog output of a data acquisition card with an analog generation function (NI PCIe-6323, National Instruments), while the wavelength of the CW laser was tuned to the optimum bias for each pixel during the scan. The modulated reflected intensity of the CW beam from the polymer film sensor, which linearly corresponds to the photoacoustic pulse, was acquired by a digitizer (NI PCI 5114, National Instruments) at 250 MS/s from the AC channel of the photodiode. The 2D scan over the sensor and the data acquisition were synchronized by the Q-Switch Sync signal from the pump laser. No averaging was used during data acquisition. The system resolution was experimentally determined by imaging an absorbing inked fiber of less than 2 µm diameter to be 34 µm axially and 88 µm laterally close to the surface of the polymer film sensor. For details regarding the SD-OCT system, see [30, 31] . Briefly, a custom SD-OCT system in the 1300 nm range with 100 nm bandwidth was used. The system has a lateral resolution of 20 µm, an axial resolution of 8 µm and an imaging speed of 46 frames/s. Each B-scan covers 7 mm × 1.5 mm (1024 × 1024 voxels). Multiple frames can be mosaiced together to cover a larger scanning range. The power incident upon the sample was 7 mW which is well below the safety limit [32].
Zebrafish preparation and imaging sequence
An adult transgenic zebrafish expressing E2-Crimson under control of the exocrine pancreas specific elastase 3l promoter (Tg(ela:E2crimson/DTR)) [33, 34] with the stripes genetically knocked out was anesthetized using tricain [35] . Epifluorescence images of the fish were then taken using a fluorescence microscope (MZ 16F, Leica) before it was placed right side down on top of the polymer film sensor for PAT scanning. Distilled water was used as the acoustic couplant in which the fish was placed. After the PAT scan, the fish was removed from the sensor and placed into a water filled cuvette for the SD-OCT scanning. In the end, the fish was euthanized, fixed in 4% paraformaldehyde, decalcified in BOUIN's fluid for 10 days, embedded in paraplast wax and serially sectioned for histological studies where 10 µm thick sections were stained with hematoxylin and eosin (H&E). Figure 2 shows the photoacoustic spectra of E2-Crimson and mCherry [36] . Two excitation wavelengths that fell within the passband limits of our polymer film sensor were used -611 nm and 640 nm -with one scan at each wavelength. An area of 6 mm × 14 mm, covering most of the body of the fish, was scanned with a 50 µm scan step size in both dimensions. The scan step size was selected as a tradeoff of the total acquisition time and the system resolution. Each scan took about 12 minutes and the entire experiment lasted about 30 minutes including the time required for animal preparation and the manual tuning of the excitation wavelength. The excitation laser intensity was measured to be well below the safety limit of 20 mJ/cm 2 [32]. This study was approved by the Animal Care and Use Committee at the University of Innsbruck and all procedures complied with animal care regulations. Initial image reconstruction for each wavelength was performed using the k-space (FFT) algorithm of the k-Wave toolbox for MATLAB (version 2010a, the MathWorks, Inc.) [37] followed by a moving average filter applied in the sagittal direction for noise reduction. Multispectral processing for the E2-Crimson mapping was achieved using a linear regression model on a per pixel basis assuming the contribution to the photoacoustic signal at each pixel being from the E2-Crimson and a general background which is described in detail in [38] . The corresponding coefficients of E2-Crimson at 611 nm and 640 nm were acquired from Fig. 2 , so that the photoacoustic spectrum of E2-Crimson, instead of a molar extinction spectrum, was used for more accurate processing.
PAT Scanning procedure and image reconstruction
Results
Maximum amplitude projection images of PAT and SD-OCT
The maximum amplitude projection (MAP) PAT images of the E2-Crimson expressing zebrafish from the two wavelengths are given in Fig. 3(a) and Fig. 3(b) . Inner organs and structures such as the kidney, the heart, the gills, the eye and the dorsal aorta and vein can be clearly discerned. Figure 3 (d) and 3(e) are images of a negative control fish from the same fish line that does not express any FP in the exocrine pancreas, but was also imaged using both wavelengths. A comparison between the E2-Crimson expressing fish MAP images and the control fish images gives a clear indication that the E2-Crimson labeled exocrine pancreas, which is in the ventral part of the abdomen of the fish, is missing in the control fish. The control fish imaging is also useful in that it can be used to provide an estimation of the background absorption information for multispectral processing. Figure 3(c) is the MAP image acquired by SD-OCT. Compared to its PAT counterparts whose contrast is governed by absorption differences, SD-OCT, with its back-reflection induced contrast, clearly shows structures such as the operculum, the spine and the fins which do not appear in the PAT MAP images, providing additional structural information. 
2D E2-Crimson mapping using spectroscopic PAT and epifluorescence microscopy
In addition to the MAP images given in Fig. 3 , for the same fish, the whole exocrine pancreas labeled by E2-Crimson was projected in the sagittal direction after multispectral processing, which is then compared with the epifluorescence image of the fish taken just before the PAT scan. Figure 4 Fig. 4(a) and Fig. 4(b) is given in Fig. 4(c) with the scale and dimension corrected using the reticle placed beneath the zebrafish in Fig. 4(b) . Figure 4 (c) clearly demonstrates the close correspondence of the FP distribution acquired in epifluorescence microscopy and by spectroscopic PAT. 
3D E2-Crimson distribution acquired by spectroscopic PAT
Since PAT is inherently a 3D imaging modality, we also used multispectral processing to map the E2-Crimson distribution over depth for the same E2-Crimson expressing fish. Figure 5 shows five representative sagittal slices at depths of 528 µm, 678 µm, 804 µm, 912 µm and 1176 µm with the left, middle and right columns being the slices at 611 nm, 640 nm and the multispectral processed slices for the exocrine pancreas, respectively. A comparison between the left and middle columns of Fig. 5 shows that the eye and the gills are present in all the depths while the aorta and the intersegmental vessels are better resolved in deeper sections. The exocrine pancreas, however, bears gradual changes in deeper sections, which is easily visualized in the right column. In the last image of the right column, the fine structures of the exocrine pancreas that strides over the intestinal tracts are resolved.
Confirmation by histological images
For the same fish, Fig. 6(a) and Fig. 6(c) show two representative slices of PAT at the depths of 804 µm and 1176 µm imaged at 611 nm with the multispectral processed exocrine pancreatic region overlaid. Histological sections of the same fish from approximately corresponding depths are provided in Fig. 6(b) and Fig. 6(d) . The gills, the eye and the aorta and vein acquired in PAT match well with those given in the histological images. The FP labeled exocrine pancreas imaged by PAT also bears a close match to that resolved in the histological images at the different depths. The dual-band structure of the exocrine pancreas seen in Fig. 6 (c) (PAT) is well confirmed by that seen in Fig. 6(f) (histology) , which is a zoomed-in display of the dashed region in Fig. 6(d) . Figure 6 (e) is an SD-OCT B-mode image at approximately corresponding position to that of Fig. 6(c) . Structures not resolvable in PAT, such as the swim bladder, the ovary, the pectoral and dorsal fins, the muscle and the intestinal tracts, are distinguishable in SD-OCT, again demonstrating the complementary information SD-OCT may provide to PAT. The slight offset between PAT and the histological images is likely due to the tissue changes during fixation for histology. 
Discussion
The visualization of FP using photoacoustic imaging has been explored in other studies. One resolved a bacteriophytochrome-based near-infrared FP (iRFP) in a mouse tumor xenograft model, and the iRFP-expressing tumor was successfully detected with 100 µm transversal resolution in the subcutaneous region [39] . A deep-photoacoustic microscopy (deep-PAM) setup was also used to image the iRFP and it was claimed the best available genetically encoded probe in terms of depth versus resolution [39, 40] .
In zebrafish, one spectroscopic PAT study showed the distribution of the FP mCherry in the central nervous system (CNS) of an adult zebrafish after performing multispectral processing of the photoacoustic images acquired at multiple wavelengths [38] . The zebrafish had to be held in an agar phantom or embedded in modeling clay, in contrast to our study where the zebrafish was simply placed in water on top of the polymer film sensor. More importantly, however, the multispectral processing in their study relied on the molar extinction spectrum of mCherry instead of its photoacoustic spectrum, which is substantially different. This means the multispectral processing could be inaccurate. In addition, mCherry shows much less photostability than E2-Crimson, which raises concern for its applicability in spectroscopic photoacoustic imaging where several tens of thousands of pulses may be required for whole-body scanning with multiple excitation wavelengths. Ref [36] studied the photobleaching features of mCherry and E2-Crimson in a static model using fluorescent proteins in solution, and the mCherry-induced photoacoustic signal amplitude decreased by approximately 50% in about 30000 pulses with a fluence between 1.5 -1.7 mJ/cm 2 . On the contrary, E2-Crimson not only had better absorption in the range of 600 -640 nm, but also gave almost constant photoacoustic signal amplitude over prolonged exposure to excitation pulses. When considering that the "biologically transparent window" in which light can penetrate deeper into tissue does not start until 600 nm [1] , E2-Crimson has its advantages in photoacoustic imaging applications due to its prolonged photostability and better absorption.
Furthermore, compared to non-fluorescent chromoproteins such as cjBlue and aeCP597 which were recommended for PAT imaging [36] , E2-Crimson is applicable for fluorescence based follow up studies such as fluorescence activated cell sorting (FACS) or high resolution 3D-confocal image analysis. The fast decay of the E2-Crimson photoacoustic spectrum above 600 nm also makes it suitable for our Fabry-Perot polymer film sensor whose passband starts at 600 nm.
In Fig. 3 , the blurriness of some main features can be attributed to bones that affect the photoacoustic wave propagation path [41, 42] , as well as sensitivity variations in the sensor. Irregularities in the sensor can be improved by using a sensor with better uniformity and higher Finesse; this is currently under development. In addition, a new sub-aperture correlation based numerical phase correction algorithm recently applied in interferometric full field imaging systems [43] is being implemented for our PAT reconstruction. Since this algorithm does not require a priori knowledge of any system parameters, we believe that substituting the optical wavefronts with the photoacoustic wave signals in this algorithm can greatly reduce the blurriness.
Multiple studies have demonstrated the benefits of combining PAM with OCT [23] [24] [25] [26] [27] [28] . A comparison between Fig. 3(a) and Fig. 3 (c) as well as between Fig. 6(c) and Fig. 6 (e) further confirms the value of combining PAT with OCT. The different contrast mechanisms of photoacoustic imaging and OCT provide complementary information in the reconstructed image with photoacoustic image providing the distribution of absorbers and OCT image providing the background information based on the backscattering characteristics of different tissues. In addition to combining PAM and OCT, we believe the combination of a wholebody illumination PAT system with OCT [29] is also of great interest due to the deep penetration depth a PAT system can achieve. In [29] , a 1050 nm SD-OCT system was combined with an optical detection PAT system. The scans for these two modalities were performed sequentially because a wedge was necessary to reduce the back-reflection of the OCT sample arm beam from the polymer film sensor. A scanner that enables co-registered PAT and swept source OCT (SS-OCT) scans is currently under development to enable simultaneous dual modality scanning.
Conclusion
This work demonstrates for the first time that optical detection spectroscopic PAT can noninvasively map E2-Crimson in 3D in transgenic zebrafish in vivo, establishing the value of E2-Crimson for PAT studies of transgenic models. The results of this work prelude the application of spectroscopic PAT for imaging E2-Crimson expressing zebrafish, which includes longitudinal 3D monitoring of inner organ dynamics as well as molecular and cellular changes that are associated with cancer formation and progression, tissue vascularization and regeneration. When considering the regenerative capacity of the zebrafish pancreas specifically, 3D imaging of a reporter protein will be especially interesting in the study of models of diseases such as pancreatitis.
